Effective human speech requires the neural integration of ongoing vocal production with the auditory and somatosensory feedback signals that are produced. We are using invasive electrophysiology techniques in patient volunteers undergoing neurosurgical treatment in order to gain insights into these mechanisms and underlying neural circuits. By using multi-contact electrode arrays chronically implanted over the perisylvian temporal lobe auditory cortex (e.g. area PLST) and the inferior frontal gyrus (IFG), we can examine local field potentials and frequency-specific responses from cortical areas important for both vocal production and speech sound processing. Our initial studies have found that during self-vocalization, focal areas within higher order auditory cortex on the superior temporal gyrus (STG) show response modulation compared to the responses of the same areas during passive listening. Manipulation of the auditory feedback that a speaker receives during vocalization (e.g. pitch-shifted or delayed auditory feedback) leads to further modulation of these PLST sites. Measures of functional connectivity including electrical stimulation tract tracing or phase-synchrony analysis demonstrate that portions of PLST are functionally connected to regions of the IFG. These findings support forward models for vocal control in which efference copies of premotor cortex activity modulate sub-regions of auditory cortex.
INTRODUCTION
For a human speaker to produce and maintain effective vocal communication, the brain needs to integrate sensory and motor signals. These signals include feedforward motor commands and action generation to produce self-generated speech sounds, in addition to ongoing adjustment of the motor system when errors or feedback dictates. An example of such states includes the Lombard effect, where speech loudness is adapted to environmental loudness, or in cases where frequency shifts of auditory feedback that a speaker receives alter the frequency of the speech produced (Hanley and Harvey, 1965, Burnett et al, 1998) . These two examples illustrate the central role of feedback processing in influencing the motor system. While the behavioral effects of feedback changes on speech are well-studied (Behroozmand, , the underlying neural mechanisms remain poorly understood.
We are studying human patient volunteers undergoing surgical treatment of epilepsy in order to further investigate the neural mechanisms of audio-vocal interactions. These patients provide the opportunity to record directly from peri-Sylvian cortical areas including prefrontal, premotor, motor, sensory, and auditory regions on frontal, parietal, and temporal lobes. By using high-resolution electrocorticography (ECoG) signals, we are able to achieve a combination of excellent anatomical resolution (e.g. ~5 mm) and exquisite temporal resolution (sub-msec) that non-invasive methods cannot provide. This report expounds upon our previous studies of self-vocalization (Greenlee et al 2011 , and presents new analysis of functional connectivity to investigate efference mechanisms.
MATERIALS AND METHODS Subjects
Subjects included males and females undergoing surgical treatment of medically intractable epilepsy that volunteered to participate in this research protocol. Written informed consent was obtained from every subject and all research protocols were approved by the University of Iowa Human Subjects Review Board. Subjects did not incur any additional medical risks by participating in these studies. We have previously published details of our experimental technique (Greenlee et al, 2011 .
All subjects were confirmed to have normal speech, language, and hearing function by an extensive pre-surgical assessment including brain imaging and neuropsychological evaluation. No anatomic lesions were observed in the cortical regions of interest to this study (e.g. posterior inferior frontal gyrus, lateral peri-Rolandic cortex, superior temporal gyrus (STG)) in any subject. Experiments were conducted in a specially designed and electromagneticallyshielded private patient suite in the University of Iowa General Clinical Research Unit.
Electrode Implantation and Localization
Custom manufactured high-density electrode arrays were implanted on the pial surface of the exposed brain regions. The standard temporal lobe surface recording array consisted of 96 platinum-iridium disc electrodes embedded within a silicon sheet with 5 mm center-to-center spacing and 3 mm contact diameter (Ad-Tech, Racine, WI). The exact position of the recording grid differed somewhat between subjects as grid placement was based on patient-specific clinical considerations for each subject. In all subjects the coverage provided by the temporal array included significant portions of the STG, including a previously described posterior lateral superior temporal auditory area (PLST; Howard et al., 2000) . Some subjects had additional recording arrays covering portions of the frontal lobe. When present, these arrays typically contained 32 platinum-iridium electrodes with 1 cm center-tocenter spacing. The electrodes remained in place during a 14-day hospital stay during which time the patients underwent continuous video-EEG monitoring. This high-resolution EEG monitoring confirmed that the peri-Sylvian cortical areas pertinent to this study did not show abnormal inter-ictal activity.
The exact position of each recording electrode was localized using a combination of high-resolution digital photographs taken intra-operatively during electrode placement and removal, as well as thin-cut pre-and postimplantation MR and CT scans. Pre-and post-implantation CT and MRIs were co-registered using a 3-D rigidfusion algorithm (Jenkinson et al., 2002) . Coordinates for each electrode obtained from post-implantation MRI volumes were transferred to pre-implantation MRI volumes. The resultant electrode locations were then mapped to a 3-D surface rendering of the lateral cerebral convexity. The estimated overall error in electrode localization using these techniques does not exceed 2 mm.
Experimental Design
The experiments consisted of blocks of self-vocalization (speaking) and blocks of listening to recording of this speech (playback). During the speaking blocks, subjects were asked to actively produce vocalizations at their conversational pitch and loudness and at their own pace. Approximately 40 vocalizations were recorded for each task, sometimes broken up into 2 different blocks separated by a few minutes. For blocks involving pitch-shifted auditory feedback, the vocalization task was to produce and sustain a steady vowel (/a/) for approximately 2 seconds. In a randomized fashion after voice onset, brief downward pitch shifts (-100 cents) were introduced (200 msec duration) into the auditory feedback that subjects heard during vocalization. The onset of pitch shift stimuli (PSS) in each vocalization trial was randomized between 500-1000 ms after vocalization onset. These parameters have been well-studied in normal subjects using non-invasive techniques (Behroozmand et al., 2009) . Each speaking block was recorded and immediately played back to the subject such that each subject passively listened to their recorded vocalizations with PSS.
Instrumentation
Each subjects' voice was recorded using a condenser microphone (Beta 87C, Shure, Niles, IL), amplified (Ultralite MK3, MOTU, Cambridge, MA) and pitch-shifted through a harmonizer (Eclipse, Eventide, Little Ferry, NJ). All parameters of the pitch-shift stimuli (onset time, duration, magnitude etc.) were controlled by MIDI software (Max/MSP v5.0, Cycling '74, San Francisco, CA) running on a standard laboratory computer. The Max/Msp software generated a TTL pulse to mark the onset of pitch-shift stimuli for time-locked averaging of the recorded brain potentials. The voice, feedback and TTL signals were recorded on a TDT data acquisition system (System3, Tucker Davis Technologies, Alachua, FL) with sampling frequency of 12 kHz. Subjects received their voice auditory feedback through a pair of earphones (ER4, Etymotic, Elk Grove, IL) placed in custom-fit, vented insert ear molds. A 10 dB gain was adjusted between the voice and its auditory feedback to partially mask the effect of air-borne and bone-conducted feedback. The feedback loudness during speaking was measured using a sound level meter implemented in the Max/Msp program and the feedback gain was adjusted to ensure that the feedback loudness during playback was the same as that during speaking blocks. We recognize that it is not possible to fully equalize the total sound energy delivered to the ear between speaking and playback blocks as bone conduction cannot be eliminated during speaking.
Electrophysiological Recording
Recordings were initiated several days after subjects had fully recovered from implantation surgery. ECoG signals were recorded directly from the cortical surface during vocalization and playback tasks, and were simultaneously acquired with voice, feedback and TTL signals using a TDT system under both speaking and playback blocks. The ECoG signals were first filtered (1.6-1000 Hz anti-aliasing filter) and then digitized with a sampling frequency of 2034.5 Hz. Digitized data were then resampled offline at 2000 Hz in MATLAB (Mathworks, Natick, MA) for further processing.
Data analysis
Recordings from all ECoG channels were manually inspected to ensure that they were not contaminated by epileptiform activity or artifact and electrical line noise was removed using a notch filter at 60 Hz. Average evokedpotentials (AEPs) were calculated by first band-pass filtering (0.5-20 Hz, -24dB/Oct) the ECoG signals and then segmenting them into epochs encompassing -300 ms before to 1000 ms after the onset of each voice or PSS. Individual epochs were then subjected to baseline correction by removing the mean amplitude of the baseline from -300 to -100 ms prior to the onset of the stimulus from each trial. The individual trials were then averaged to calculate the AEP for each recording contact. We have previously reported AEP findings in detail from selfvocalization and PSS, along with their respective playback patterns (Greenlee et al 2011 . Likewise, we have similarly examined the spectral (event-related band power; ERBP) power of the recorded brain activity during selfvocalization and PSS in those reports.
To quantify the relative amount of change in the AEP and high gamma (HG) power responses during speaking compared with playback, we previously calculated the modulation index (MI) in all contacts for which the AEP and high gamma responses were significantly different during speaking compared with playback . This technique highlights the observation that some STG contacts show enhancement during PSS while speaking compared the response magnitudes observed during passive listening to PSS. A minority of STG sites demonstrate attenuated responses. For the AEPs, the MI was defined as (AEP Speaking -AEP Playback )/ (|AEP Speaking |+|AEP Playback |) in which AEP Speaking and AEP Playback were the peak amplitude of the AEP responses during speaking and playback conditions respectively. Similarly, the MI for the high gamma responses was defined as (HG Speaking -HG Playback )/ (|HG Speaking |+|HG Playback |) in which HG Speaking and HG Playback were the peak magnitude of the high gamma power responses during speaking and playback. Results of this analysis are separately shown for the AEP and high gamma responses by plotting color-coded circles over the contacts that showed significant AEP or high gamma modulation.
In these figures, a positive MI (graded red circles) indicates a significant enhancement of responses during speaking compared with playback and graded colors show the degree of speaking-induced enhancement with MI=+1 for maximum enhancement. Accordingly, a negative MI (graded blue circles) indicates a significant speaking-induced attenuation of responses and value -1 implies maximum attenuation.
Phase synchrony analysis
Examining peri-stimulus phase synchrony on a trial-by-trial basis between two brain regions has been reported to be a measure of functional connectivity between these sites (Lachaux et al, 1999) . We utilized this technique to examine connectivity between frontal lobe and temporal recording contacts during both vocalization and playback. Specifically, we used the Chronux toolbox in Matlab (Bokil et al, 2010) and extracted the instantaneous phase in ECoG responses from 500 msec prior to PSS and 1000 msec after PSS onset for each trial and each contact. The phase of each frontal recording contact responses was compared with all 96 temporal recording grid contact responses.
RESULTS
Throughout our study of more than 10 subjects, we have observed consistent response patterns on STG nonprimary auditory cortex (Greenlee et al, 2011 . Figure 1 illustrates recording grid locations from an exemplar subject which provided recordings from the right, non-language dominant hemisphere (R212). Statistical analysis of responses taken from all 96 temporal lobe recording contacts for both AEP (Fig 2A) and ERBP (Fig 2B) measures demonstrated few contacts which were modulated by vocalization compared to playback. All but one of these contacts on the STG are seen to show enhancement of response amplitude during vocalization compared to playback, and the largest magnitude ERBP responses occur in the high gamma (HGP; 70-150Hz) and less than 10Hz frequency bands (Fig 2B right column) . Greenlee et al, 2013) . Figure 3 illustrates the focal nature of STG sites responsive to vocalization during PSS with many sites showing increased HGP, but only minority of these sites (Fig 3B,C; colored circles) displaying vocalization-induced modulation of the HGP responses compared to those observed during PSS playback (Fig 4C) . Since motor-induced modulation may result from efference copy commands from other distant brain sites, phase coherence was examined between frontal and temporal sites. Figure 5 illustrates increased phase coherence between many of the same STG sites and a contact overlying ventral motor cortex on the precentral gyrus (Fig 5B; filled black circle). The contacts immediately adjacent (1 cm away) to this motor cortical site failed to demonstrate such coherence (data not shown). No increase in coherence between the motor site and STG occurred during passive listening (Fig 6C) , suggesting that it is a motor-related, possibly efference copy, mechanism underlying this observation.
We also observed increased phase coherence between an additional frontal site, on the anterior portion of the middle frontal gyrus, and STG (data not shown). Like the coherence observed between motor cortex and STG, this finding of increased coherence between middle frontal gyrus and STG was only present during vocalization, and not playback (data not shown). Although both of the frontal sites we are highlighting are clearly demonstrating vocal motor-related increased fronto-temporal phase coherence, the latencies and nature of the coherence responses were different for this frontal location and STG compared to those identified between motor cortex and STG.
DISCUSSION
The present findings we report provide additional evidence that invasive electrophysiology recording techniques can further our understanding of sensory-motor interactions related to vocal control. The combination of spatial and temporal resolution afforded by ECoG is unparalled by non-invasive methodologies and therefore allows unique insights into neural mechanisms underlying both feedforward and feedback systems. In the case of the audiovocal system, it is established that the act of speaking alters, typically by attenuation, responses observed in auditory cortex. However, since auditory cortex is complex anatomically and comprised of several distinct auditory fields, in addition to the fact that these fields have different response properties, anatomic resolution is important in trying to understand mechanisms of voicing-induced modulation. For example, the known distant anatomical connections of medial auditory belt fields are different than lateral belt or primary auditory cortical fields, which present different potential routes over which cortical-cortical efference mechanisms could influence these auditory areas (Romanski et al, 1999) . Likewise, temporal resolution is helpful in exploring efference mechanisms. For example, Eliades and Wang (2003 , 2005 , 2008 have shown in the marmoset that changes in auditory cortex neuronal firing were noted more than 100 sec prior to onset of vocalization. The ability to disrupt forward predictions, central to testing efference theories, requires an ability to accurately introduce unexpected feedback changes, such as a shift in auditory feedback frequency like we and others have employed, and then interpret the resulting neural activity as a result of this artificial "error".
Although we only present one case here as a proof of concept, the data from this subject clearly demonstrate exciting potential of these techniques to identify brain areas that may generate feedforward commands to auditory cortex. Since only small sub-regions of non-primary auditory cortex demonstrate voice-induced modulation and other sub-regions of auditory cortex do not, distinct cortico-cortical networks are implicated. ECoG allows examination of vast frequency ranges of both responses and coherence measures given that low pass filtering properties of the skull is not an issue, like that of non-invasive scalp recording techniques. Therefore neural processes reflected through the activity of neural systems that generate both low and high-frequency oscillations can be examined, and our data suggest that both are evident in responses to vocal tasks. The low-frequency components are likely generated by more global neural circuits that orchestrate synchronized activity between different regions for performing specific functions (Buzsaki and Draguhn, 2004) . In contrast, high-frequency (e.g. high gamma: 70-150 Hz) oscillations have been suggested to reflect different functional mechanisms such as spiking activity (Coude et al., 2011) .
Invasive techniques clearly have limitations. Importantly, typical electrode coverage provides a somewhat sparse sampling of one cerebral hemisphere, and access to subcortical structures is unusual. Therefore left / right comparisons in a given subject are not often possible, and such comparisons can only be made across a series of multiple subjects, which introduces additional confounders. Although the speech, hearing and language functions of our subjects are extensively tested before and throughout the perioperative course, these are patients with epilepsy and usually on multiple anti-convulsant medications.
